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Summary 

The report describes an experimental study of the effects of intermodulation 
between multiple f.m. sound subcarriers. Such a system could provide supplementary 
sound channels for satellite broadcasting, where the subcarriers would frequency- 
modulate a 12 GHz carrier. 

The report concludes that a system using twelve f.m. sound subcarriers is 
very sensitive to intermodulation. To avoid an audible impairment in a practical 
system,, the levels of the twelve subcarriers would have to be relatively low and, 
consequently, the signal-to-noise ratio that could be achieved would not be very high. 
The report suggests that an investigation of other possible systems using digital techniques 
would be worthwhile. 
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DIRECT SATELLITE BROADCASTING: INTERMODULATION BETWEEN 

MULTIPLE P.M. SOUND SUBCARRIERS 

M.J. Kallaway, M.A. 



1, Introduction 

In the direct satellite broadcasting system that is 
currently iaeing planned, the television signal frequency- 
modulates a carrier in the 12 GHz band. For System I 
television, the television signal would be pre-emphasised 
according to the CCIR 625-line characteristic^ and would 
deviate a 12 GHz carrier by 13 MHz, peak-to-peak.^ Each 
television signal would be accompanied by an f.m. sound 
subcarrier at 6 MHz which would in turn deviate the main 
carrier by ± 2-8 MHz peak.^ The required radio frequency 
bandwidth for such a signal is about 27 MHz. 

Recently, consideration has been given to methods 
of providing supplementary high-quality sound channels. 
These supplementary channels would probably be used to 
provide radio services, but in some cases, they might be 
used for a second-language sound-track accompanying a 
television programme. 

It would be an advantage if the supplementary sound 
channels used a modulation system similar to that proposed 
for the satellite television service. A domestic receiver 
could then be designed to handle both types of signal. 
Furthermore, the sound signals could use the same 
satellite-borne transmitters as the television signals. 

In the search for a fully compatible system, various 
proposals for providing the supplementary sound channels 
have been made and are being examined by EBU Study 
Group K3. In the simplest of these proposals, a 12 GHz 
carrier would be frequency-modulated by a series of 
subcarriers whose frequencies lay within a bandwidth of 
about 6 MHz, similar to the normal video bandwidth; each 
of the subcarriers would bt frequency-modulated by a 
sound signal. F.M. sound signals of this form could be 
received relatively simply. Other proposals recommend the 
use of digital sound modulation systems which might 
require a more complex receiver. 

One problem associated with a multiple f.m. subcarrier 
system is the fact that significant intermodulation between 
the subcarriers will produce an audible impairment of the 
individual sound signals. Intermodulation is particularly 
likely to arise due to the band-limiting action of the i.f. 
filter in the domestic receiver, as well as non-linearity of 
the transfer characteristic of the f.m. discriminator normally 
used to demodulate a television signal. 

The level of intermodulation products can be made 
insignificant if the amplitude of the individual subcarriers 
is reduced sufficiently. However, this will increase the 
effect of thermal noise added by the r.f. stages of the 
domestic receiver. There is, therefore, a compromise level 
for the subcarriers which will give the best sound quality. 

This report describes an experimental study of the 



effects of intermodulation between 12 f.m. subcarriers. 
The parameters of the experimental system were chosen 
to be compatible with a direct satellite broadcasting 
television service of the type outlined earlier. 

The aim of this work was to discover if a multiple 
f.m. subcarrier system could provide supplementary sound 
channels of sufficient quality. The effects of non-linearities 
introduced by the domestic receiver's i.f. filter and f.m. 
demodulator were taken into account. 



2. Basic system parameters 

2.1. General 

The multiple f.m. subcarrier system was designed to 
be compatible with the system planned for television 
broadcasting. The characteristics of the television system 
that have a bearing on the performance of a multiple 
subcarrier system are listed in Table 1. 

TABLE 1 
Parameters of satellite broadcasting system for television 



Received carrier-to-noise 
ratio exceeded for 99% 
of the time 

R.F. bandwidth (-3 dB) 
of domestic receivers 

Frequency deviation of 
carrier by television signals 

Video bandwidth 
(including 6 MHz sound 
subcarrier) 



14-1 dB 



27 MHz 



13 MHz peak-to-peak/volt 



6 MHz 



Within the basic format of a multiple f.m. subcarrier 
system, there are numerous variants. The number of 
subcarriers. the frequency deviation of each subcarrier, 
their frequency-spacing and amplitudes can all be varied. 
For any particular number of subcarriers, there will be an 
optimum set of parameters which will give the best audio 
signal-to-noise ratio. However, since all the parameters are 
interdependent, it is a complicated task to find the optimum 
system. 

The main parameters of the experimental system 
using twelve f.m. subcarriers are listed in Table 2. This 
system may well not be the optimum; however, it 
provided a useful starting point for this investigation. The 
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TABLE 2 
Parametsrs of experimental 12 f.m. sound subcarrier system 



?eak frequency deviation of eacli subcarrier 
Pre-empiiasis time constant 
Frequency spacing between subcarriers 



±75 kHz 

50 /is 
295 kHz 



Sulxarrier 
number 


1 


2 


3 


4 


5 


6 


1 


8 


9 


10 


11 


12 


Subcarrier 
frequency, MHz 


1-0325 


1-3275 


1-6225 


1-9175 


2-2125 


2-5075 


2-8025 


3-0975 


3-3925 


3-6875 


3-9825 


4-2775 


Peak frequency 
deviation of 
main carrier by 
ailDcarrier, MHz 


ii 


" 


il 


it 


Ii 


II 


II 


// 


" 


" 


II 


II 



main parameters are similar to tliose suggested by otiner 
sources. 

In the following subsections, the way in which the 
individual parameters were chosen is described in some 
detail. 

2.2. Characteristics of each subcarrier 

The subcarrier modulation was somewhat arbitrarily 
chosen to be the same as that of a conventional Band II 
v.h.f./f.m. transmission. The peak deviation of each 
subcarrier was ± 75 kHz and 50 \x% pre-emphasis was used. 
With these characteristics, the 12 subcarriers can fit quite 
comfortably into the nominal video bandwidth of to 
6 MHz. 

Each of the subcarriers was modulated by a mono- 
phonic audio signal. Stereophonic operation using the 
conventional pilot-tone system would give an unacceptably 
low signal-to-noise ratio; if stereophony were desired, two 
subcarriers could be used. 

2.3. Deviation of main carrier by each subcarrier 

One of the aims of the multiple f.m. subcarrier 
proposal is to provide supplementary sound channels 
with a very good signal-to-noise ratio. The target was an 
audio signal-to-weighted-noise ratio, -^ greater than 60 dB 
for 99% of the time. This compares with a 50 dB signal-to- 
vreighted-noise ratio-^ for the sound channel accompanying 
a television signal. 

The audio signal-to-noise ratio is set by the frequency 
deviation of the main carrier by each subcarrier and the 
main-carrier-to-noise ratio before demodulation (see Table 
1). After demodulation of the main carrier, the baseband 
noise spectrum will be triangular. If each subcarrier is to 
give identical performance, the amplitude of each sub- 
carrier must be proportional to its frequency. This is 
equivalent to saying that each subcarrier must phase- 



modulate the main carrier by the same amount. 

It is shown in Appendix A, that the audio signal-to- 
weighted-noise ratio^ will exceed 60 dB for 99% of the 
time if each subcarrier phase-modulates the main carrier 
by about ± 1 radian peak. Hence, the peak frequency 
deviation of the main carrier by each subcarrier equals 
the subcarrier frequency. This level of each subcarrier 
was the starting point for the investigation described here. 
But, as is shown later, for the system to be compatible 
with satellite television broadcasting, the level of each 
subcarrier would have to be reduced significantly. 

2.4. Frequencies of subcarriers 

2.4.1. Choice of spacing 

It is desirable for the frequency spacing of the 
subcarriers to be as low as possible so that the multiple 
f.m. subcarrier signal occupies the minimum baseband 
bandwidth. The spacing cannot be made too low, however, 
because of interference from the adjacent subcarriers. 

It is reasonable to assume that a domestic receiver 
for the multiple subcarrier signal would have similar 
selectivity to a conventional v.h.f./f.m. receiver. The 
modulation parameters of the systems are the same, and 
receiver manufacturers would no doubt use the same 
type of i.f. filter in both cases. 

The COIR have published curves'* for v.h.f./f.m. 
transmissions with a maximum frequency deviation of 
± 75 kHz, which show the relationship between the 
spacing of wanted and interfering signals and the required 
radio-frequency protection ratios. In the present appli- 
cation, adjacent subcarriers would be of approximately 
equal amplitude and only their spacing can be varied. 
From the COIR curves,'* a spacing of 260 kHz would 
give a wanted audio signal-to-weighted-noise ratio-' of 
about 50 dB. However, since the subcarrier system is 
designed to give an audio signal-to-weighted-noise ratio of 
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tetter than 60 dB a slightly greater spacing is required. 

The frequency spacing of the subcarriers was finally 
chosen to be 295 kHz. 

2.4.2. Choice of frequency 

Non-linearities in the broadcast chain will generate 
unwanted intermodulation between the twelve subcarriers. 
The major cause of non-linearity was expected to be the 
band-limiting action of the i.f. filter within the domestic 
receiver. The effects of any unwanted intermodulation 
products can be minimised by a careful choice of the 
exact subcarrier frequencies. 

The most common intermodulation products caused 
by non-linearities are of second and third orders. The 
«cond-order intermodulation products from two coherent 
signals with frequencies /^ and /j lie at/^ i/j. The third 
order products for the same two signals lie at 2/^ ±/2 and 
2/2 ± /•] . Third order products can also be generated 
where three signals are involved and the products lie at 

/l±/2±/3- 

Since the twelve subcarriers are spaced by 295 kHz, 
their frequencies can be written as shown below, where /q 
equals the frequency of the lowest subcarrier. 



frequencies of subcarriers 



/o 
n = 



4- n(0-295) 
11 



IHz 
1) 



The second-order intermodulation products will therefore 
lie at:— 



frequencies of second-order 
intermodulation products 



= 2/0 + p(0-295)MHz 
p = 0, ... 22 2) 

andq (0.295)MHz 

q = 0, 11 3) 



Similarly the third-order intermodulation products wil 
lie at:— 



frequencies of third-order 
intermodulation products 



= 3/0 + r (0-295)MHz 

r = 33 4) 

and /o + s(0-295)MHz 
s = -11,...0,.. 



Comparing equation 5 with equation 1, it can be seen 
tiiat, independent of the value of /q, some third-order 
intermodulation products will always coincide with some 
of the subcarriers. 

However, by a suitable choice of /g, the second^rder 
intermodulation products can be made to fall between the 
subcarriers; this is achieved if/o = ([2m + 1]/2) x 0-295 
MHz (m = 0, 1, etc.). Since the second-order products 
normally have the largest amplitude, it is an advantage if 
they fall between the subcarriers. 

The final choice of the lowest subcarrier frequency 



was influenced by the effects of the third-order products 
of the type given by equation 5. As discussed in Section 
2.3., the amplitudes of each of the subcarriers are arranged 
to be proportional to their individual frequencies. Thus, 
the lowest frequency subcarrier has the smallest amplitude 
and therefore is the most vulnerable to third-order products. 
If the frequencies of all the subcarriers are lowered, the 
demodulated amplitude of the lowest subcarrier is lowered 
and the third-order intermodulation products become 
more damaging. On the other hand, if the frequencies 
of the subcarriers are raised, their amplitudes increase 
and the level of the intermodulation products will increase. 
These two effects act in opposition and there is an optimum 
set of frequencies for the subcarriers which minimises the 
effects of the third-order intermodulation products. In 
Appendix B it is shown that, in theory, the optimum 
frequency for the lowest subcarrier is about 1 MHz. 

The frequency of the lowest subcarrier was finally 
chosen to be 1-0325 MHz (3-5 x 295 kHz). The frequency 
of the highest subcarrier is then 4-2775 MHz. 



3. Experimental equipment 
3.1. General 

A block schematic diagram of the experimental 
arrangement used for studying intermodulation between 
the f.m. subcarriers is shown in Fig. 1. 

For convenience, the experiments were conducted 
at an intermediate frequency of 70 MHz. 

The bandpass filters labelled A and B in Fig. 1 were 
designed to simulate the i.f. filter in a domestic receiver.^ 
Both filters had a -3 dB bandwidth of 27 MHz. Filter A 
was equivalent to a 4-section bandpass filter and Filter B 
a6-section filter. The amplitude and group-delay responses 
of the two filters are shown in Fig. 2. Neither of the filters 
was group-delay corrected. 

In the following sub-sections, a brief description is 
given of each of the units that make up the experimental 
arrangement shown in Fig. 1. 

3.2. Generation of 12 f.m. subcarriers 

The experimental arrangement for generating the 
twelve subcarriers is shown in Fig. 3. 

Referring to Fig. 3, twelve independent oscillators 
whose frequencies lay within an octave of bandwidth were 
built and they are shown in the photograph above the 
block diagram. This method was chosen because it is 
difficult to construct oscillators with low harmonic dis- 
tortion and if all the oscillator frequencies are within one 
octave the oscillator harmonics lie outside the band of 
interest. The frequency spacing between the oscillators 
was 295 kHz. Each one could be frequency-modulated 
with a peak deviation of ± 75 kHz and 50 /us pre-emphasis 
was built-in. The amplitude of the output from each 
oscillator could be adjusted using a potentiometer. 
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Fig. 1 - Experiment arrangement for studying intermodulation between f.m. subcarriers 
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Fig. 2 - Amplitude and group-delay responses of i.f. filters 

(a) Filter A, 4-sections 

(b) Filter B, 6-sections 
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Fig. 3 - Experimental arrangement for generating twelve subcarriers 
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The outputs from the twelve oscillators were summed 
and then frequency-shifted to produce twelve f.m. sub- 
carriers at the frequencies shown in Table 2. 

Although each of the oscillators could be frequency- 
modulated up to ± 75 kHz deviation, their transfer 
characteristic was not particularly linear. The non- 
linearity gave rise to just-perceptible distortion of the audio 
signal after demodulation. This meant that the signals 
from the twelve oscillators could be used only to produce 
the interfering subcarriers. The wanted subcarrier was 
produced using a separate high-quality 6 MHz frequency 
modulator. This modulator gave very little distortion of 
the audio signal and an audio signal-to-weighted-noise^ 
ratio of better than 70 dB. The output from the 6 MHz 
modulator was frequency-shifted so as to lie at one of the 
subcarrier frequencies shown in Table 2 and the appropriate 
oscillator from the group of twelve was switched off. To 
avoid any possibility of signal breakthrough, this switching 
was done by disconnecting the power supply to the 
oscillator. 

The wanted subcarrier was then combined with the 
other eleven subcarriers and the signal lowpass filtered at 
5-5 MHz before being applied to the 70 MHz frequency 
modulator. The relative amplitudes of the eleven 

interfering subcarriers were set by potentiometers. The 
relative amplitude of the wanted subcarrier was set by the 
variable attenuator labelled 1 in Fig. 3. 

The subcarrier frequencies were accurate to within 
± 5 kHz and their amplitudes were accurate to within 
±0-5dB. 

The level of unwanted intermodulation products 
measured at the input to the 70 MHz modulator was 
lower than -55 dB, compared with the level of the 
smallest subcarrier. 

3.3. 70 MHz f.m. modulator 

Measurements of the statistics of the multiple f.m. 



subcarrier signal (see Section 4) showed that, at the 
designed modulating signal level, the main carrier could 
occasionally be deviated by ± 30 MHz peak. The r.f. 
channel bandwidth for the satellite broadcasting system is 
only 27 MHz and the action of any band-limiting filters 
will distort the multiple subcarrier signal. However, since 
the high peak deviations occur for very short periods of 
time, the precise effects of any band-limiting filters could 
not be deduced. 

In order to study the above effects, it is necessary 
to use an f.m. modulator and demodulator (modem) 
capable of handling high peak deviations. The f.m. modem 
that would normally have been used is a commercial unit 
designed for s.h.f. link applications. This equipment can 
handle signals with peak-to-peak deviations of about 25 
MHz, which has in the past been adequate for television 
experiments. However, for the multiple subcarrier signal, 
the deviation range of the modem had to be extended. 

This subsection and the one that follows, briefly 
describe the modifications made to the f.m. modem in 
order to increase its deviation range. 

A block schematic diagram of the modified 70 MHz 
f.m. modulator is shown in Fig. 4. 

Referring to this Figure, the output from the 
commercial modulator was frequency-multiplied by four 
The frequency deviation of the resulting 280 MHz signal 
is four-times that of the 70 MHz signal. The frequency 
multiplier was formed from two two-transistor full-wave 
rectifiers in tandem. The output signal from the frequency 
multiplier contained unwanted harmonics which were 
removed by the 220-340 MHz bandpass filter. 

The 280 MHz f.m. signal was then frequency-shifted 
back to 70 MHz using a mixer fed by a local oscillator at 
210 MHz. The output from the mixer was passed through 
a 25-100 MHz bandpass filter to remove unwanted mixing 
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products. 

Using the arrangement of Fig. 4 a 70 MHz signal was 
produced that could be frequency-modulated with reason- 
able linearity up to peak deviations of ± 25 MHz. 

3.4. 70 MHz f ,m. demodulator 

Itwas inconvenient to modify the commercial 70 MHz 
f.m. demodulator and a separate wide-deviation demodula- 
tor was constructed. A block diagram of this demodulator 
is shown in Fig. 5. 

Referring to Fig. 5, the incoming 70 MHz f.m. signal 
was first limited, and then frequency-divided by two. The 
divided output is a signal of 35 MHz whose frequency 
deviation is half that of the incoming signal. 

The remainder of the circuitry forms a delay-line 
discriminator whose principle of operation is as follows. 
The output from the frequency divider drives two signal 
paths whose time delays differ by an amount corresponding 
to 90° phase shift at 35 MHz. The delayed path was made 
using a short length of coaxial cable. The outputs from 
the two signal-paths drive the two inputs of an exclusive-OR 
gate. The exclusive-OR gate acts as a phase-detector whose 
two output volta^ levels are symmetrical about earth and 
v*ose mean output voltage is proportional to the phase 
difference between its inputs. The mean output voltage is 
zero when there is a 90° phase difference between the 
inputs. Since the phase difference between the inputs to 
the gate varies linearly with frequency, the circuit acts 
as a frequency discriminator. The balanced output from 
the gate was amplified by a video amplifier. 

The f.m. demodulator had a transfer characteristic 
which was reasonably linear for f.m. signals with frequency 
deviations up to ± 25 MHz. The limiter at the input to 
the circuit had a dynamic range of about 60 dB. 

3.5. Subcarrier demodulator 

The individual f.m. subcarriers were demodulated 
using a commercial high-quality v.h.f./f.m. receiver. The 
r.f. selectivity of this receiver is very good, its audio 
distortion is low and it can achieve audio signal-to-weighted- 
noise ratios^ of about 70 dB. 

The twelve f.m. subcarriers at the output of the 70 



MHz f.m. demodulator, were frequency-shifted to about 
95 MHz before being applied to the input of the v.h.f. 
receiver. The frequency shifter used a conventional 
diode-mixer circuit. 



4. Experimental work 

4.1. Measurements of the amplitude distribution of 

the multiple subcarrier signal 

From the figures given in Table 2, it can be seen that 
if all the subcarriers were to add up so that their peak 
values coincided the signal would deviate the main carrier 
t^ ±31-9 MHz. This is the maximum possible frequency 
deviation of the main carrier. 

On the other hand, the r.m.s. frequency deviation of 
the main carrier is given by: — 

r.m.s. frequency deviation = 



12 f 
.__^ peak frequency deviation due to n*"^ subcarrier 

n = 1 
7-0 MHz 



The r.f. channel bandwidth allowed for the signal 
is 27 MHz. If the deviation of the main carrier approached 
its maximum possible value (+ 31-9 MHz), the multiple 
subcarrier signal would be distorted, the amount of the 
distortion depending on the duration of the peak excursion. 
But if, the deviation of the main carrier never greatly 
exceeded the r.m.s. frequency deviation, the r.f. signal 
would fit comfortably within the channel bandwidth. In 
this case, there would be very little distortion of the 
multiple subcarrier signal. 

In order to find out which of the above cases was 
most representative, measurements were made of the 
amplitude distribution of the multiple subcarrier signal. 
The experimental set-up is shown in Fig. 6. 

Referring to this Figure, the twelve unmodulated 
subcarriers were applied together to one input of a high- 



limiter 



frequency 



70 MHz 

f.m 
input 




•12 f.m. 
-*-— subcarriers 
output 



(EL-133) 



Fig. 5 - 70 MHz f.m. demodulator 
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Fig. 7 should also be valid in this case. 

The experiment described above was found to become 
inaccurate when the multiple subcarrier signal spent very 
little time above the d.c. reference level. However, by 
viewing the signal on an oscilloscope, it could be seen that 
the signal did reach much higher levels than those shown in 
Fig. 7. A further experiment was therefore devised. The 
experimental arrangement was the same as before except 
that the output signal from the level comparator was 
connected to a digital counter. The counter incremented 
its count by one every time the level comparator changed 
from its 'low' to its 'high' state. 



Fig. 6 - Experimental set-up for measuring the amplitude 
distribution of multiple subcarrier signal 

speed level comparator. The other input was connected 
to a variable d.c. reference level obtained from a potentio- 
meter. Whenever the level of the subcarrier signal 
exceeded the d.c. reference level, the output of the 
level comparator would chan^ from its 'low' to its 'higli' 
state and remain there as long as the subcarrier signal was 
above the reference level. 

By measuring the mean output voltage of the level 
comparator (using a d.c. voltmeter) the percentage of 
the time that the multiple subcarrier signal spends above 
the d.c. reference level could be deduced. The exact 
formula is given below. 
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The results of this experiment are shown in Fig. 8. 
As before, the d.c. reference level at one input to the level 
comparator has been plotted in terms of the frequency 
deviation which it represents. From Fig. 8, it is clear that 
the multiple subcarrier signal approached its maximum 
possible value quite frequently; for example, it came 
within 2 dB of the maximum approximately 300 times 
per second. The duration of each of these excursions was 
probably of the order of a few tens of nanoseconds. 

The results of Fig. 8 also show that the main carrier 
would be deviated outside the channel bandwidth (27 MHz 
wide) more than 10* times per second. It was expected 
that these peak excursions would be grossly distorted by 
the i.f. filter in the domestic receiver and that the twelve 
audio signals would be impaired as a result though the 
degree of impairment was unknown. 

4.2. Measurement of levels of intermodulation between 
subcarriers 



where V|y, = mean output voltage of comparator 

Vql = output voltage of comparator in 'low' 
state 

Vq|_^ = output voltage of comparator in 'high' 
state 

The results of the experimental measurements are 
plotted in Fig. 7. The value of the d.c. reference level 
at one input to the level comparator has been plotted in 
terms of the frequency deviation of the main carrier which 
it represents. Also shown in this Figure is a plot for a 
Gaussian signal. This curve has been drawn so that the 
r.m.s. value of the Gaussian signal corresponds to the 
r.m.s. frequency deviation due to the subcarrier signal. 

It can be seen from Fig. 7, that the amplitude 
distribution of the subcarrier signal is very similar to a 
Gaussian distribution; the difference corresponds to less 
than 1 dB in terms of frequency deviation. Bearing in 
mind the simplicity of the experiments, it is quite possible 
that the multiple subcarrier signal has Gaussian statistics 
over the range of amplitudes shown in Fig. 7. When the 
waveform of the summed subcarriers is viewed on an 
oscilloscope, it has the appearance of thermal noise. The 
waveform did not change appreciably when the subcarriers 
vwre individually frequency-modulated and the results of 



The aim of these tests, was to determine the maximum 
level at which the group of subcarriers could modulate 
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the main carrier without perceptible intermoduiation 
between them. The tests were done using the arrangement 
shown in Fig. 1. The levels of the individual subcarriers 
were set to be proportional to their frequencies and their 
combined level was set using the variable attenuator shown 
in Fig. 1. 

The quality of the demodulated sound signals was 
judged subjectively by two experienced engineers using 
a high-quality monitoring loudspeaker. Impairments of 
the audio signal were graded using the CCIR 5-point 
impairment scale. ^ 

A preliminary experiment was conducted to find out 
which of the subcarriers was most affected by any inter- 
modulation products. The twelve unmodulated subcarriers 
were applied to the input of the 70 MHz f.m. modulator 
and the bandpass filter labelled 'A' in Fig. 1 (see section 
3.1.) was placed in circuit. The subcarrier demodulator 
was tuned to subcarrier Number 6 in Table 2. As the 
level of the combined subcarriers was gradually increased, 
a series of whistles or "birdies" could be heard. When 
these whistles had become clearly audible the subcarrier 
demodulator, was tuned to the other subcarriers in turn. 

The lowest-frequency subcarrier was judged to be 
the most affected by the intermoduiation products, though 
the difference between subcarriers was not very great. This 
result was not unexpected since the lowest-frequency 
subcarrier had the smallest amplitude. In all subsequent 
tests, only the quality of the lowest-frequency subcarrier 
was monitored; this subcarrier was generated using the 
high-quality 6 MHz frequency modulator described in 
&ction 3.2. 

A further preliminary test was conducted to study 
the effects of modulating the other eleven subcarriers 
wrtiilst listening to the lowest-frequency subcarrier. When 
the other subcarriers were modulated by a random 
selection of programme material, this tended to break up 
the whistles in the wanted channel and cause them to 
sound more like random noise. Subjectively, the effect 
of the whistles was more annoying than the noise-like 



effects obtained when the other subcarriers were mod- 
ulated. In all subsequent tests, the lowest-frequency 
subcarrier was the only one that was modulated. 

In the final test, the lowest-frequency subcarrier 
was modulated by a speech passage taken from a news 
broadcast. This programme material was chosen since it 
contained many pauses which would tend to show up 
any intermoduiation products. The speech signal was 
pre-emphasised with the standard 50 jjls time-constant 
and deviated the wanted subcarrier by ± 75 kHz peak. A 
5 dB allowance was made for pre-emphasis to ensure 
that high-frequency components did not overmodulate the 
subcarrier. The 5 dB allowance would probably not be 
needed in the future due to the increasing use of frequency- 
dependent programme limiters. 

The impairment of the wanted subcarrier was judged 
for various levels of the multiple subcarrier signal. The 
effect of inserting either of the two i.f. filters (A or B in 
Fig. 1) was also studied. The results of the tests are 
shown in Fig. 9. The level of the subcarriers has been 
plotted with respect to a phase deviation of the main 
carrier by each subcarrier of ± 1 radian peak. The value of 
± 1 radian peak, would give for each subcarrier an audio- 
signal-to-weighted-noise --atio^ (in the absence of any 
intermoduiation products; which exceeded 60 dB for 99% 
of the time. It can be seen that, even in the absence of 
an i.f. filter, the audio signal was impaired. The impairment 
was heard as a series of whistles or "birdies" whose level 
increased fairly rapidly with an increase in the level of 
the composite subcarriers. However, the addition of an 
i.f. filter could completely change the character of the 
impairment. When the deviation of the main carrier by 
each subcarrier was ± 1 radian peak, the introduction of 
either a 4-section of 6-section i.f. filter produced a very 
high noise level. This noise was described as being 
"granular" or "like the sound from a waterfall"! As 
the level of the subcarriers was reduced, it was clear that 
the "granular" noise was made up from a series of impulses 
or clicks. 

When the level of the subcarriers was reduced below 
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a certain threshold value, the "granular" noise disappeared 
completely. There remained the whistles or "birdies", 
like those produced without an i.f. filter. The threshold 
condition for the "granular" noise corresponded to a 
deviation of the main carrier by each subcarrier of about 
—3 dB relative to ± 1 radian peak, for the 4-sectlon i.f. 
filter. For the 6-section filter, the threshold was at about 
—5 dB relative to ± 1 radian peak. 



5. Discussion of experimental results 

The cause of the "granular" noise described in Section 
4.2. can be found by considering the statistics of the 
multiple subcarrier signal. It was shown in Section 4.1. 
that a multiple-subcarrier signal of the kind used here 
<x;casionally reaches very high peak values. If these 
peaks are sufficiently great, the main 70 MHz carrier 
will be deviated outside the channel bandwidth of approxi- 
mately 27 MHz and, when this deviation extends beyond 
the passband of the i.f. filter, the carrier level will be 
reduced. The amount of the reduction depends on the 
instantaneous frequency deviation and the steepness of 
cut-off of the i.f. filter. A significant reduction will 
produce an impulse of noise in each subcarrier channel 
and this is thought to be the cause of the "granular" 
noise described earlier. 

In order to avoid the "granular" noise, the level 
of the composite subcarriers must be reduced until the 
peak deviation of the main carrier lies within the passband 
of the i.f. filter. The cut-off of the 6-section filter used 
in the tests was steeper than that of the 4-section filter 



and consequently the level of the subcarriers must be even 
lower when a 6-section filter is used. 

When the level of the subcarriers is well below the 
"granular" noise threshold, the major source of impairment 
to the wanted audio signal is due to whistles and "birdies" 
(intermodulation products) believed to be caused by the 
non-linearity of the f.m. modem (see Fig. 9). The increase 
in impairment introduced by an i.f. filter is probably due 
to its variation in group-delay response. The variation in 
group-delay response of the 6-section filter is about twice 
that of the 4-section filter. This suggests that if the 
4-section filter were group-delay equalised, the results 
when using such a filter would be even closer to those in 
the absence of the filter. An experiment to verify this 
was considered but eventually discarded, since the expected 
improvement of half a subjective grade is difficult to 
judge. 

Because of the impairment introduced by the f.m. 
modem itself, it is very difficult to say what is the maximum 
level at which the twelve subcarriers could be transmitted 
without perceptible intermodulation between them. It is 
suggested that, if the f.m. modem were perfect and the 
i.f. filter was a 4-section type with a —3 dB bandwidth 
of 27 MHz, each subcarrier could deviate the main carrier 
by —6 dB with respect to ± 1 radian peak. This estimate is 
based on two factors. Firstly, at greater subcarrier 
levels, the impairment introduced by the i.f. filter pre- 
dominates, as shown in Fig. 9. Secondly, it is suggested 
that if the f.m. modem were perfect, the impairment of 
the most afflicted subcarrier (the one with lowest fre- 
quency) would correspond to about grade 4 on the 
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CCIR 5-point scale. If the deviation of the main carrier 
by each subcarrier was —6 dB relative to ± 1 radian peak, 



the audio-slgnal-to-weighted-noise 
54 dB for 99% of the time. 



ratio-^ would exceed 



imperceptible on a television picture. Moreover, this 
level of non-linearity would not cause significant inter- 
modulation between the 6 MHz sound subcarrier and the 
colour subcarrier. 



In arriving at the suggested level for the twelve 
subcarriers, it has been assumed that the f.m. modem would 
have near-perfect linearity. This has been assumed since 
the non-linearity of the f.m. modem used in the experiments 
was an important source of impairment. It is therefore 
of interest to examine the performance of the experimental 
f.m. modem in order to see what degree of linearity 
would be required in a practical multiple subcarrier system. 

To this end, conventional measurements were made of 
the differential gain and phase distortion of the colour 
subcarrier when a video signal was passed through the 
f.m. modem. The test waveform was a 'staircase' with 
five steps and a colour subcarrier on each step; the 
staircase waveform occurred on every line of the television 
waveform. The video signal was pre-emphasised according 
to the CCIR 625-line characteristic^ before modulation 
and de-emphasised after demodulation. 

The measured levels of differential gain and phase 
distortion of the colour subcarrier for various carrier 
deviations are shown in Fig. 10. The frequency deviation 
scale corresponds to the point of unity gain on the 
pre-emphasis curve. 

The results of Fig. 10 show that, in terms of 
television parameters, the f.m. modem had good linearity. 
For satellite television broadcasting, the carrier deviation 
will probably be 13 MHz peak-to-peak. ^ At this deviation, 
the f.m. modem was measured as having differential gain 
distortion of 2% and differential phase distortion of 1°. 
The effects of these levels of non-linearity would be 
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From the above, it is clear that the quality that could 
be achieved when using a multiple subcarrier system is 
very sensitive to instrumental Imperfections within the 
broadcast system. The weakest link in the chain is likely 
to be the domestic satellite receiver and the greater the 
performance demanded of the receiver the greater would 
be its cost. 

There are two obvious changes that can be made to 
the multiple subcarrier system which would ease the 
problems of receiver design. The first of these would be 
to send the 12 subcarriers at a much lower level. 

The second change that could be made to the 
subcarrier system would be to reduce the number of 
subcarriers. It is suggested that if the number of 

subcarriers was reduced to 8, an audio-signal-to-weighted^- 
noise ratio exceeding 60 dB could be achieved for 99% 
of the time. 

One conclusion that can be drawn from this discussion 
is that the multiple f.m. subcarrier system is not well 
matched to the satellite broadcasting system currently 
envisaged. This disadvantage greatly outweighs the main 
attraction of the system, namely. Its simplicity. It is 
worthwhile therefore to consider alternative systems which 
sacrifice simplicity In the interests of compatibility. For 
example, it Is possible, using digital techniques, to fit up to 
20 sound channels on one carrier and achieve an audio- 
signal-to-weighted-noise ratio-^ exceeding 60 dB. One 
technique that has been proposed'' is to combine 20 p.c.m. 
sound channels into a serial bit-stream of about 7 Mbit/s 
which would. In turn, frequency-shift-key the main carrier. 
One disadvantage of using digital techniques is that the 
receiver must have a high-quality digital-to-analogue con- 
vertor Id.a.c). At present, these devices are very expensive. 
However, it is likely that by the time satellite broadcasting 
comes into being, suitable cheap d.a.c.'s will be available. 



6. Conclusions 

It has been shown that a multiple subcarrier system 
for satellite broadcasting using twelve f.m. subcarriers is 
very likely to be unsatisfactory because of intermodulatlon 
between the subcarriers. The method is particularly 
sensitive to any non-linearities within the f.m. modulator 
and f.m. demodulator. The f.m. demodulator in a future 
domestic receiver Is likely to be the most critical link In 
the chain; an f.m. demodulator that would be perfectly 
aiceptable for the reception of television signals can 
produce unacceptable intermodulatlon between the twelve 
subcarriers. 

If it can be assumed that domestic receivers would 
have a near-perfect f.m. demodulator, preceded by a 
4-section group-delay equalised l.f. filter whose —3 dB 
bandwidth was 27 MHz, then a 12-subcarrler system 
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could give an audio-signal-to-weighted-noise ratio-^ of 
greater than 54 dB for 99% of the time. If, on the 
other hand, a reasonable amount of non-linearity within 
the f.m. demodulator must be allowed, then an audio- 
signal-to-weighted-noise ratio^ of about 50 dB could be 
obtained. Even at this level, the amount of non-linearity 
within the f.m. demodulator that can be tolerated is likely 
to be lower than can be tolerated by the television signal. 

It has been suggested that other modulation systems 
using digital techniques would be capable of providing 
many more sound channels with better quality than the 
multiple f.m. subcarrler system. In the light of the 
results of the work described in this report, further 
investigation of other modulation systems would seem 
worthwhile. 
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APPENDIX A 
The relationship between audio-signal-to-noise ratio and subcarrier level 



The multiple subcarrier system using twelve f.m. 
sound subcarrlers Is designed to give an audio-signal-to- 
weighted-noise ratio-' which exceeds 60 dB for 99% of the 
time. For 99% of the time the received main-carrier-to- 
noise ratio in 27 MHz bandwidth will exceed 14-1 dB 
(see Table 1). The following analysis shows that, to 
meet the performance objective, eaeh subcarrier must 
phase-modulate the main carrier with a peak deviation 
of ± 1 radian. 

If the required audio-signal-to-weighted-noise ratio^ 
is 60 dB, then the audio-signal-to-unweighted-noise ratio 
must be 69 dB. This assumes that the audio noise 
spectrum is triangular, prior to BOjUs de-emphasis. 

De-emphasis improves the signal-to-noise ratio by 
10-2 dB and hence the signal-to-noise ratio before de- 
emphasis is 58-8 dB. 

The peak frequency deviation of each subcarrier is 
+ 75 kHz and hence the r.m.s. frequency deviation of each 
subcarrier due to the noise, is 60 Hz. 



the 



The r.m.s. frequency deviation of each subcarrier by 
noise with 15 kHz audio bandwidth is given by 



r.m.s. frequency 
deviation of each 
subcarrier due to 
noise 



60Hz^ 



15x 10^ 



1 Hz ....1) 



where C|yj = ratio of subcarrier-powe. to noise-power, within 
± 1 5 kHz of subcarrier rest frequency 

The subcarrier- to-noise ratio can be derived from the 
parameters of the main carrier, and the level of each 
subcarrier. The baseband noise spectrum, after de- 



modulation of the main carrier, will be triangular. Hence, 
if each subcarrier is to give the same performance, its 
amplitude must be made proportional to its frequency. 
This is equivalent to saying that each subcarrier must 
phase-modulate the main carrier by the same amount. 
Let the peak phase deviation of the main carrier by each 
subcarrier equal ± m radians. 

For the main carrier, when the carrier-to-noise ratio 
in 27 MHz bandwidth is 14-1 dB, the r.m.s. phase 
deviation of the carrier by the noise is given by: 



r.m.s. phase deviation of 
main carrier due to noise 






10 



-14-1 
20 



0-139 radians with a bandwidth of 13-5 MHz 



radians 



.2) 



Hence C^j, which equals the subcarrier-to-noise power 
ratio in ± 15 kHz bandwidth, is given by 



m 



/2x 0-139 



2 13-5 x 10* 



30 X 10^ 



= m^ X 1-165 X 10^ 



3) 



By substituting for Cm in equation 1), we find that 



15 X 10^ 



m = 



60 [6 X 1-165 X 10' 
0-95 radians. 



,41/2 



,4) 



Hence, to achieve an audio-^ignal-to-noise ratio exceeding 
60 dB for 99% of the time, each subcarrier must phase- 
modulate the main carrier with a peak deviation of about 
± 1 radian. 
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APPENDIX B 
Optimum subcarrier frequencies 



As discussed in Section 2.4.2., there is an optimum 
Kt of frequencies for the 12 subcarriers which minimises 
the effect of the third-order intermodulation products. 
The following analysis shows that the optimum case is 
when the frequency of the lowest-frequency subcarrier is 
about 1 MHz. 

The frequencies of the twelve subcarriers can be 
written as shown below (the spacing between the subcarriers 
is 295 kHz): 

frequency of subcarriers = /o + n (0-295)MHz 

n = 11 ... 1) 

The amplitude of each subcarrier is proportional to its 
frequency. The lowest frequency subcarrier is therefore 
the smallest, and the most vulnerable to third-order 
intermodulation products. 

The third-order intermodulation products from two 
coherent signals with frequencies /^ and /2 lie at 2/^ ± f^ 
and 2/2 ± Z^. There is also the case when three signals 
are involved and the products lie at /^ 1/2 ± /s- In 
^neral, the amplitude of the intermodulation products is 
proportional to the product of the amplitudes of the 
intermodulating signals. This formula is not rigorous, 
since it depends on the type of non-linearity in the 
system. However, for the types of non-linearity encoun- 
tered in an f.m. system, it is reasonable to assume that this 
formula applies. 

It can be shown that, for the twelve subcarriers, the 
largest intermodulation product that lies at the lowest 
subcarrier frequency /q is produced by intermodulation 
between three of the other subcarriers. The frequencies 
of the three subcarriers are {/q + 5 x 0-295)MHz, 
(fo + 6 X 0-295)MHz and (/q + 11 x 0-295)MHz. The 
intermodulation product at /g is formed by summing the 



first two frequencies and then subtracting the third. 

Since the amplitude of the subcarriers is proportional 
to their frequency, the amplitude of the intermodulation 
product is given by: 

amplitude of largest intermodulation product at /q 

= k(/"o + 5 X 0-295) (/o + 6 X 0-295) (^q + 1 1 x 0-295). . . 2) 

where k is a constant, which depends on the degree of 
non-linearity. 

Hence the ratio between the amplitude of the lowest- 
frequency subcarrier at/g and the largest intermodulation 
product at/g is given by: 

amplitude of subcarrier at/g 

amplitude of largest intermodulation product at/g 

/o 



k [/g^ + 6-49 V + 13-14 /o + 8-47] 



..3) 



The optimum set of frequencies for the subcarriers 
is when the above expression is a maximum and its inverse 
is a minimum. Inverting the expression and differentiating 
with respect to/g we get: 

d 8-47 2/0^ -^ 6-49 /g^ -8-47 
— = 2/0+6-49- = ...4) 

d/o /o' V 

By inspection, the differential is zero when /g is 
approximately 1 MHz, which is thereby the optimum 
frequency for the lowest subcarrier. 
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